Manual pure tone audiometry is considered to be the gold standard for the assessment of hearing thresholds and has been in consistent use for a long period of time. An increased legislative requirement to monitor and screen workers, and an increasing amount of legislation relating to hearing loss is putting greater reliance on this as a tool. There are a number of questions regarding the degree of accuracy of pure tone audiometry when undertaken in fi eld conditions, particularly relating to the difference in conditions between laboratory calibration and clinical or industrial screening use. This study analyzed the output sound pressure level of four different commercial audiometers, all using TDH39 headphones and each of which had recently undergone calibration at an appropriate laboratory. Levels were measured using a Bruël and Kjaer Head and Torso simulator, which accurately replicates the size and shape of a human head, including the ears. A clinical environment was simulated by a trained audiometrist replacing the headphones for each test. Tests were undertaken at three presentation levels, and at the frequencies of 250 Hz, 500 Hz, 1 kHz, 2 kHz, 4 kHz and 6 kHz. The results showed a high level of test-retest variability, both between different audiometers and within the same audiometer. Maximum variation of sound pressure level at the ear for the same tone presentation was 21 decibels, with a particularly high level of variation at 6 kHz for all meters. An audiometer with attenuating cups exhibited signifi cantly higher variation than ones using supral-aural headphones. Overall the variation exhibited suggests that there is a higher degree of potential error with screening pure tone audiometry than is commonly assumed and that results particularly at the 6 kHz frequency need to be assessed carefully alongside other methods such as speech audiometry.
Introduction
Manual pure tone audiometry, carried out to the appropriate standard of the American Standards Association S3. in the USA [1] and ISO 8253-1:2010 [2] in Europe, is described as the "standard for clinical testing" [3] and the "gold standard" [4, 5] for the assessment of hearing thresholds by airborne conduction.
Exposure to high levels of noise has long been recognized as a health hazard, with the long term result of noise-induced hearing loss (NIHL) in the majority of people. Several sources, including action on hearing loss [6] the UK Health and Safety Executive [7] and the American Speech-Language-Hearing Association [8] state that long-term exposure to sound pressure levels as low as 80 dBA poses some risk of damage to the hearing system for some people, with levels regularly above 85 dB L Aeq posing a risk of mild hearing damage to most people. In particular, a common symptom is that of an audiometric "notch" between 4 and 6 kHz in which the hearing threshold is disproportionally reduced, though this is not always observed. [9] With a signifi cant global cost impact of NIHL, [10] and legislative requirements to screen and protect workers from occupational hearing damage, [11, 12] the reliance on pure tone audiometry means that it is important to continually assess the test procedure and equipment used for repeatability and accuracy. Critically, it is important to assess that audiometers are being calibrated and maintained to the same standard and hence that results are repeatable and accurate.
The fundamental methodology and equipment for audiometry have stayed very similar for a long period of time, with particular transducers (notably the Telephonics ® TDH-39 and TDH-49 supra-aural headphones, Telephonics) remaining at the core of audiometric screening. [13] Although there has been discussion of the reliability of different types of screening (automated, computer controlled, manual), and the need for traceable calibration, there has been little analysis in recent years of the degree of variation in performance of calibrated audiometers in clinical situations.
Background
Originally developed from "tuning fork" tests at the turn of the 20 th century, pure tone audiometry has now been in use for over 90 years, [14] with the fi rst use of a "commercially available" audiometer (the Western Electric 1 A) reported by Fowler and Welch in 1923. [15] The basic method of all pure tone audiometers uses a tone generator to present pure tones to a listener via headphones. The system (manual or computer controlled) varies the amplitude and frequency of the tones presented. The tester observes intensities for which listeners respond and intensities for which the listener does not respond, in order to determine the threshold level of hearing at each frequency.
There are a number of different systems for pure tone audiometry, including computer controlled and automatic [3] and authors have reported variation in validity and reliability according to different systems. [16] However, the international standards currently in use have standardized on a common method for manual pure tone audiometry as the benchmark for audiological evaluation, in which the test is controlled by a qualifi ed audiometrist or audiologist. Equipment standards, [17] the maximum permissible background noise levels, [16, 17] and calibration requirements, [18, 19] are laid out in various national and international standards, which state the calibration levels to be used with standard headphone types and standard couplers. This would suggest that use of audiometry in clinical performance should be a reliable measure.
There are a number of aspects, which suggest that calibrated audiometers may not be as reliable as generally thought. One issue is that the specifi cations do not currently require accreditation in the calibration process, with the guidelines stating simply that the calibration should be performed by "a competent laboratory." This leaves the standard open to interpretation, and many audiometer manufacturers recommend annual calibration to take place in their own facilities, which may or may not be accredited. This lack of accreditation has the potential for errors in the accurate production of tones in audiometer systems, with no centralized standardizing authority to supervise.
A second, but potentially more important issue is that of the level of uncertainty in "fi eld" testing compared to laboratory conditions. The acoustic coupler (artifi cial ear) defi ned in IEC 60318-1:2009 used to assess particular headphones is a regular shape, standardized to particular dimensions. [20] The headphone is coupled to the artifi cial ear with a static force of 4.5 N (±0.5 N) from either a mass or calibrated jig, [18] rather than using the tension from the headphone band.
While this method allows for a high level of standardization in the testing of the transducer and tone generator in the system, it assumes that there is a minimal effect on the sound pressure level presented at the ear from nonstandard shapes and sizes of ears and heads, as well as variations in force of coupling.
It also does not account for the use of "attenuating cups", which are noise isolating enclosures for the TDH-39 model drive units, replacing the headband and earcup construction with a larger, semi-circumaural cup design. They are commonly used in industrial screening situations, where background noise is higher than the recommendations for a screening environment. According to IEC 60645-1, attenuating cups should be removed for calibration. [21] Procedures laid out for audiometric testing aim to minimize the uncertainty caused by fi eld conditions, by specifying guidelines for earphone placement, as well as for the background noise levels of the testing environment. However, there is still a question of how much the tone presentation from calibrated audiometers can vary at the ear between audiometers and between tests.
This study aimed to assess the level of variation between audiometer measurements under laboratory conditions, using a variety of different manual audiometers.
Equipment
The study used four commercially available audiometers, which represent the cost range of typical industrial screening audiometers, costing from £995 GBP for the least expensive up to £4500 GBP for the most expensive. The sample size was constrained by budget and accessibility; however, the method was designed to give a representative sample of the performance of typical audiometers. Each of the audiometers had recently undergone certifi ed traceable calibration by its recommended laboratory, meaning that the tone presentation from each should theoretically be identical.
The test system used a calibrated Bruël and Kjaer ® Head and Torso Simulator (HATS) of type 4100, using a Bruël and Kjaer ® 4231 fi eld calibrator to calibrate the microphone input level for each test. The HATS is designed to represent the "average" shape of a human head and has realistic molded pinnae. This was used to more closely represent the fi tment of headphones on a human listener than is possible with the ear simulator specifi ed in IEC 60318.
Microphones were polarized using a Bruël and Kjaer ® 2829 microphone signal conditioning unit and Bruël and Kjaer ® type 2269 preamplifi ers. Signals were measured and recorded using a NTi XL2™ Sound level meter. The tests took place in a Hemi-anechoic chamber with a noise fl oor of 16 dBA, with performance meeting the absolute noise criteria of ISO 3745:2012. [22] The entire audiometers used factory calibrated TDH-39 headphones. One of the audiometers had attenuating cups fi tted to the headphones, while the others had the standard (supra-aural) fi tment.
Method
The regularity of performance of the audiometers was assessed by measuring the sound pressure level of a range of tones presented at specifi ed thresholds by each audiometer. The absolute sound pressure level at the ear of the HATS was measured for each given tone presentation and the data analyzed for the degree of variation.
Each audiometer was measured at three presentation levels, over six frequencies. The levels were respectively 30, 50 and 80 decibels of hearing level (dB HL) and frequencies were 250 Hz, 500 Hz, 1 kHz, 2 kHz, 4 kHz, and 6 kHz.
Each test was run on the left then the right ear of the HATS. Each tone was presented continuously at its given level. Once the level at the ear had stabilized, the average sound pressure level dB L EQ (unweighted, fast response), was measured over a 5 s timed period.
The full test was completed three times for each device, replacing the headphones each time and allowing time for them to settle. This allowed assessment of the potential variation through placement of headphones on different users. Positioning of headphones was undertaken by a certifi ed audiometrist to replicate headphone positioning in a clinical setting. Table 1 shows the mean sound pressure level for each frequency and presentation level and also gives the range (max: min) of mean sound pressure levels recorded at particular presentation frequency/level combination. This range varies from 3 to 12 dB between audiometers.
Results
Mean and standard deviation sound pressure level values for each audiometer at each tone presentation is shown in Figure 1 .
Results of the analysis of variation within the set of audiometers, is presented in Figure 2 , showing variation both across different audiometers, and within individual audiometers. The full data can be found in Table 2 .
Variation within recordings from the same meter demonstrate a standard deviation around ±5 dB for the majority of tones, with considerably higher deviations, having a maximum deviation of around ±10 dB.
Discussion
The high level of variation in measured sound pressure levels at the ear, both within tests from the same audiometer, between different audiometers, and between left and right ears suggests that there is a signifi cant margin of error in audiometric screening. While this sample size was small, the audiometers used are typical of the manufacturers and types of audiometer used in the UK and Europe, and each were laboratory calibrated to the appropriate standards. Repeated tests on each ear showed deviations of tone presentation in a "simulated clinical" setting, which indicates that this would be also likely to occur in clinical situations. As each audiometer should theoretically present identical tones to the ear, any signifi cant deviation is the cause for concern.
A high degree of variability was exhibited between the results from different audiometers which were apparently presenting the same frequency and level to the "listener". Mean variations between audiometers varied between 3 and 12 dB as shown in the data set in [ Table 3 ]. However, the maximum absolute variation between tone presentations was encountered at 6 kHz with presentation level of 80 dB at HL. At this presentation level, a range of 21 dB was measured between the absolute maximum and minimum values recorded in either ear across all audiometers.
As the systems were calibrated, and measured on a calibrated test system with identical microphones and preamplifi ers in left and right ears, meeting the requirements for a Class 1 sound level meter, there should be no variation caused by actual acoustic output of the headphones or variation of the measurement system. It is therefore reasonable to assume that this increased variation is due to headphone positioning and acoustic coupling of the headphone to the auditory canal on the HATS, despite being fi tted by a qualifi ed audiometrist.
Subjectively, it was harder to position the attenuating cups accurately over the pinna due to reduced visibility of the transducer part of the headphone when fi tting. This variation is also likely to occur on real subjects taking audiometric tests, as it is not possible to obtain identical fi tment each time the headphones are replaced. This study identifi es an issue between the "calibrated" level, in which headsets are placed on a smooth surfaced, symmetrical test system which perfectly couples the transducer to the microphone, compared to the "clinical" level, in which headphones are placed on the (asymmetrical) pinnae and head, and therefore the quality of acoustic coupling is signifi cantly reduced, while potential for positioning error is increased.
Although the correlation between frequency and range of measured level is generally fairly weak, the 6 kHz tone in particular results in high variability across all the amplitude presentations, with 30 dB HL and 50 dB HL also giving maximum absolute variations of 20.8 dB HL and 20.9 dB HL respectively.
Further variation is found within the results of each audiometer. Absolute variation between tests by the same meter at a particular threshold in a single ear, varies between 0.2 dB for the best case (well below the threshold of audibility) [23] to 11.4 dB at the worst case, at the 6 kHz presentation.
It is suggested that these results are likely to be due to the highly directional nature of the headphones at 6 kHz, where a slight variation in positioning could result in some degree of attenuation by the structure of the ear, for instance by blockage by the tragus. Acoustic absorption of most materials increases with frequency, [24] and the potential for attenuation by a small degree of variation in placement is high. All audiometers performed similarly poorly at this frequency. This performance could also be linked to the headphone design itself, which is very dated, but a further study comparing different headphones will be needed to ascertain this.
Interestingly, the hearing threshold level at 6 kHz has been questioned by some authors for a number of years, [25] and it has been suggested that the threshold is set too high given the high proportion of patients who present a threshold shift at this frequency. The results of this study suggest that this high proportion of threshold shift could instead be linked to the variation in performance of the headphones when placed slightly differently or with insuffi cient tension on the patient's ears.
It is noteworthy that the audiometer which used attenuating cups had greater variation than the other audiometers in this test, with mean levels signifi cantly different to two out of the three other audiometers (P = 0.02 and P = 0.01 respectively).
The audiometer using attenuating cups also has a signifi cantly higher output level than the other meters in a number of frequencies. This is particularly pronounced at 250 Hz, 500 Hz, and 6 kHz, where the mean output levels range between 5 and 12 dB higher than the mean output level of the other audiometers (P < 0.01 in all cases).
The reason for this is unclear; however the use of attenuating cups on this type of headphone is likely to create a calibration error. This is due to the fact that the calibration methods specifi ed by IEC 60318-1 [20] dictate the use of a standardized coupler or artifi cial ear, and use of these systems requires A potentially important cause of variation between audiometers is the use of different headband designs and tensions. The headphones on Audiometer 4 were subjectively the loosest fi tting of the standard TDH-39 types, and those on audiometer 3 the tightest. This could be a contributing factor to the relatively large standard deviations of the results from Audiometer 4 compared to the lower variation of Audiometer 3. Audiometer 3 (the most expensive of the units on the test) was the most consistent performer, with generally low standard deviations, as can be seen from Figure 1 .
Another important consideration is that this effect is likely to be exacerbated in clinical testing due to the variability of the human head size and shape. Although this study simulated clinical testing, it made use of a HATS, in which each measurement is undertaken on an unmoving, stationary head of identical proportions. This implies that that results could be even worse when dealing with human patients, where variation in head size and shape and the size and shape of the pinnae will affect the accuracy of transducer placement, acoustic coupling and headband tension. Laboratory calibration is undertaken with a specifi c force applied to the transducer to ensure good coupling between the headphone and the artifi cial ear (4.5 N ±0.5). [21] Slack headband tension could reduce the coupling between the transducer and the ear, varying the sound pressure level, and the British Society of Audiology identifi es it as a problem, stating that headband tension has an impact on the sound levels delivered. [17] In this study, the HATS has a constant shape and size and remains perfectly still during testing. In a clinical environment, fi tment to different patients, as well as some movement of the head during testing will cause slight variation in position of the transducer in relation to the auditory canal.
Conclusion
Results suggest that there is still considerable room to improve the performance of audiometry, and that test results from conventional screening systems need to be carefully assessed for the possibility of error or misdiagnosis. In order to improve the accuracy of audiometry, headband tension needs to be suffi ciently high to ensure good coupling between the headphone and ear. This may require the use of higher headband tensions or different headsets appropriate to different sizes of head. As this is potentially an important contributing factor, further research needs to be done on the exact impact of headband tension on results. However, based on this study, it is suggested that measurements of headband tension should form part of the calibration process for audiometers with a minimum level of tension specifi ed.
Even the median variation in sound pressure at the ear could contribute an error of 4 dB in hearing threshold values, which is suffi cient to cause misdiagnosis on an audiogram. Where the degree of variation is at its highest, there is a potential error of 20 dB, which even in a single frequency band could lead to the misdiagnosis of a patient due to its contribution to the values used to categorize hearing loss. [17] A key fi nding of this study is the effect of attenuating cups on audiometry with signifi cantly increased variability in frequency response and high test-retest variability. It would be recommended that audiometrists avoid the use of attenuating cups.
These results also support the ideal proposed by McNeill et al. [13] of moving away from the use of TDH-39 type headphones and standardizing on a more modern and uniform headphone design, with the potential for improved frequency response and better sound isolation without the need for attenuating cups.
Overall the results suggest that the current standards for audiometry calibration do not take into account the issues faced by clinical practice, and there is a need to address aspects which may cause signifi cant variation in results, such as headband tension and transducer positioning. This further indicates that the results of pure tone screening need to be carefully considered alongside other tests such as speech testing.
